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U+—e+y physics

Flavors (quarks, vs) are violated in SM Standard Model of Elementary Particles

three generations of matter
(fermions)

Charged Lepton Flavor Violation . ! I

practically never occurs in SM : Br(u—ey) ~ 10-54 e 11
_ - @@ |- @I|| @] &
No reason to conserve flavors in new .o o o Zluon tigs
phySICS BSM coue  CKMitheory s 3
CLFV is suitable to search for new @ |- @ |- @ || @
down strange bottom photon

physics

No background from SM, no theoretical uncertainty

CLFV|* 94— u 4- L

Many new physics predictions in a
measurable region

electron muon au

Neutrmo OScHIatmn

SUSY-seesaw, SUSY-GUT etc.: Br(u—ey) ~ O(10-14) Vo) e Vi) @ (Vi - w
ele cttron mLt:Qn t,zu W Frrenn



U+— ety event
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Radiative muon decay & 0-6F 1 A
Accidental 0.4- e*background | | 107F E
Dominant 0.2 e f i
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(NBG) manageable Beam rate . Elapsed time
Resolutions
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MEG Il experiment

Intensity frontier experiment
Upgrade from MEG experiment
To get clear evidence for BSM

MEG final result (2016)

Br(u—ey) < 4.2x10-13@ 90%CL
(5.3x10-13 Sensitivity )

Twice intense muon beam
/x107 p+/s stopping at target

........

Upstream

Twice better resolutions for all detectors Downstream

rrrrrr

Twice better detection efficiency

Search for Br(u—=ey) ~ 6x10-14 (90% CL §
sensitivity) in 3 year physics run
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MEG Il Experiment

Liquid Xenon y Detector

900L LXe, 4092 MPPCs + 668 PMTs [ bl 311
Better uniformity w/ VUV-sensitive \ - COBRA SC Magnet

12x12mm2 SiPM Upstream

x2 resolution everywhere

Downstream g

e
~~~~~

7x107/s

x2 beam
Intensity

Radiative Decay

Counter = I
Further reduction ; ///
of radiative BG . 4 . _ _
Positron Cylindrical Drift Chamber
(e+ Single volume He:iC4H10

small stereo cells, more hits

Pixelated Timing Counter x2 efficiency

30ps resolution w/ multiple hits



MEG |l Status before 2020 run

‘4

. All detectors are 7.V '“_’TC’ Basic performance test

with muon beam finished

constructed

- 20% of electronics
readout channels

are produced and

Constructlon finished in 2017. | E -
tested Performance check ongomg \

3bu- camera. (Hicon mneta ) -
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pstream

‘ _ Basic performance test
RDP with muon beam finished
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Positron

plastic scintillator (e+

for timing
LYSO for energy
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20% of WDB tested
Mass production this year

- -

Constrﬁctlon finished in 2018
Stability check under muon beam ongoing



2020 run and issues

- Despite COVID, necessary maintenance 3 |
work was restarted at PSI from July 2020 -

All detectors were assembled again in Sep.

- Successful beam time in Oct. - Dec.

Muon beam for detector commissioning in Oct. and Dec.

Special run with Charge EXchange (CEX) reaction in Nowv.
Beam test for US RDC prototype at the end

Issues

Drift chamber

High current under muon beam, wire breaking
Liquid xenon detector

Performance check at 55 MeV

Large degradation of MPPC & PMT in beam

v



Drift chamber discharge problem

- High current was an issue in run L Ase *
2019 , mé
DS Y
- Drift chamber discharges observed &;.! 4
by eye in 2020 spring RN, ™

| \ N
Absolute dark environment - |

point-like lights like “corona discharges”
Whitish deposits seems to be formed

High currents observed at 1200V w/o additives
(Working point ~1500V)

- Solutions

additives for helium-isobutane gas are
suggested by papers

CO2, Oxygen, water, alcohols, etc.
Babar NIM A515(2003)
LHCb JINST 14 (2019) P11031




Solution for drift chamber discharge

Different gas mixtures were tested under muon
beam run in 2020

1.2 voltage WP WP 1400 V

Only water, CO2, or O2 was not effective 1400V
Adequate gas mixture was finally found i
He:iso-butane= 90:10 +H20 3500ppm-+pure Oz 2% 1000 V

Nominal HV at MEG Il intensity (7x107u/s) was achieved.
One wire might be broken during this test

Due to corrosion by water?

Water was replaced with 1% Isopropyl alcohol, and it worked!
O concentration reduced down to 0.5% ?:5 (—
Attachment of electrons loses electron in the drift (lower gain) i " —

Final gas mixture
He:iso-butane = 90:10 + Isopropanol 1% + O2 0.5%
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Drift chamber broken wire problem

- Wire breaking was induced by humidity

Corrosion evolved with water & wire tension

+ Drift chamber had been operated In

closed condition with dry environment

Small amount of water vapor (13% relative
humidity) induced a wire breaking in 20207

No wire breaking in 2021 with isopropyl alcohol?
Wire removal work is necessary In this spring

- Discussion for drift chamber 2

With thicker cathode wires (Ag/Al 40— 50~60um)
Backup and better solution

Two years necessary for production,
the current chamber will be anyway used until
CDCH2 ready

Sensitivity estimate from e+ 13aT2-1 FER » CDCH re-opened on 16/02

_ » During the short period with the chamber exposed to the cleanroom
e* reconstruction14al3-7 |7C_| o .I O atmosphere T was 22-23°C and RH did not exceed 35%




LXe performance

v Resolution

"y . = 08—,
Position resolution §E - 13
g 0.7 ] &
- almost consistent with MC expectation 06 o 8
s 1 B
. . - —7] 9
Time resolution [EEEEEEE 0F ! 7 & | | | :
" A ~X2 improvement _ o0 - | ; .
- 82 ps is still worse than MC expectation vy o —o—* { E F RERE
(57 ps) 03 e T I T X
;7 o ¢ MEG II Data [ 0.04 dietre4/—— e A
. 0.2 . i T | T — ]
Energy reSOIUtlon 14aT2-2 /J\dvli 0 1_:_ A MEGIIMC ” 0.02 :_ .............. _______ _:
. i —— MEGMC PN SN EULL) RN I BT 3 |
-+ worse than MC expectation ob Lo T T T 0 20 40 60 80 100
0 2 4 6 8 10 12 total number of photoelectrons

- better than MEG at depth<2cm wcm]

Energy resolution @55 MeV

W

S —e— MEG measured ] :

ProspeCtS § ,.f . » MEG Il measured - Data |
: . = —«— MEG I ted i

- Measurements done with a limited | TP :
: T 2 + | ; > MC i

number of channels, and will be updated - — S S S— :
with full electronics 15 $ | £

- Calibration&algorithm still to be p bty ¢ :
improved 05;* . ‘ T £
14aT2-1 S L S
% > 4 6 8 10 2 5 10 15

Conversion depth (cm) w[cm]



| Xe Issues

MPPC PDE degradation under beam

critical to operate the LXe detector for long physics run

Annealing can recover the PDE completely [Zo]SERES
12pT2-9,10 BH. &

ltems to be checked

|Is PDE degradation stopped at certain level above 0%?
Is PDE degradation speed getting slower and slower?

Sensitivity update from LXe detector

Worst PDE decrease scenario suggests half beam intensity
This will be finalized with the full behavior of MPPC

degradation

Performance check with full electronics
Noise, sensor calib., uniformity check, energy scale,

resolutions
CEX run will be done in 2021
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PDE [%]
®

16— I Linear extrapolation from 2019,
14— PDE after annealing
[ -
121~ _
- N 0.06%/MEG Il hour in 2019
10} 2
- -~ .
\ 0.03%/MEG Il hour in 2020
4
2
0 ' A 1 A | ' 4 A A ' | A A A | A .--..-A‘----.L--‘--l | A A J
-20 0 20 40 60 80 100 120
day
>
.1§ ® A: 60 days/year at MEG Il beam
:(‘% B = B: 120 days/year at halved beam intensity
qc) - C: 67 days/year at MEG || beam + annealing
D
e,
©
p -
o) A3 N NS RS
= 100 [C e OO
c . . e e e e en e e e aaere s T T — T P — e e e
(4 '
p - - e AR T s et e ke ek e ee ki sasa e eraie st hane ey -
m
- Three DAQ scenarios are compared in terms of sensitivity
- - A: 60 days DAQ at MEG Il intensity
- B: 120 days DAQ at half intensity
- C: DAQ at MEG Il intensity, annealing during the beam time (at PDE
B 5°/o) s asas
- Assumption
- 140 days beam time (84% live time)
- Worst case of PDE decrease speed (2% after 60 days MEG ||
intensity)
10_14 llllllllllllllllllllllll — a1
0 1 2 3 4 5 6 7

. Measured PDE 2017-2019

year




US RDC (RPC) beam test

Setup for the test with up beam
- RDC to identifies RMD backgrounds /4 Prees | R G

- DS RDC : ready for the physics run
- US RDC : under development

Extremely low mass (<0.001Xo) because
muon beam must penetrate it

Resistive Plate Chamber (RPC) with
Diamond-Like Carbon (DLC) resistive

electrodes is under development The design will be finalized

Efficiency > 90%, oi<250 ps fulfilled < trigger - based on these results
counters ' -

Remaining concern

does it work under high rate
U beam?

RPC beam test was performed

R PO SR < |\ + muon signal was successfully
| obtained, and voltage drop is
also observed as expected.

RPC beam test

13aT2-2.3 (A, K& Engﬂ...' Pulse height of p sy - Pulse height of  in

| inlow rate | ::}::f hlgh rate (~2 x 107;¢/s)
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RDC 104: ':::::::::::::E::::': R y :::::::::::::::::fE::::::::::::::::
(undel‘ Py A | | S S ———————
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DS RDC =
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m RPC prootye chamber




2021 run

+  Full electronics mass production
finishes March 2021

Installation & setup for 3 months (March - May)

- June - July : Each detector
commissioning

+ Aug - Nov : MEG Il trigger setup

L Xe MPPC PDE study
CDCH stable operation
CDCH2 construction

-+ Dec : Engineering/physics run
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After MEG

High Intensity Muon Beam project
(HIMB) at PSI

- 1070 p+/s (100x improvement)
CDR by end of 2021
Implementation during 2027/2028
Science Case workshop 6-9 April 2021

Future y—ey experiment for CLFV
Goal: Br(p—ey) ~10-15

Discover new physics and precision
measurements

Detector R&D to make maximum use of HIMB

Resolution improvements
Calorimeter — converter + pair spectrometer

High rate tolerance

Drift chamber — Silicon detector £

Possible to measure p—eee at the
same time

|
\)

1.2 % 1011 p+/s 13x 10" /s o TgH

Source

7.2%1Q0° ut/s
C ~6%

3.4 x 1070 pyt/s

Capture C ~ 96%

| Existing uE4
beamline

I

—n Gain due to high capture
and transmission efficiency

| Solenoid-
based
' beamline

r 5x 108 ut/s 1.3 x 1070 p#/s
T~7% Transmission T ~40%
Total ~ 0.4% Total ~ 10%

M beam

5 X10%s7)

Muon stopping
argets
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Summary

- All the MEG |l detectors were tested under MEG Il intensity

+ The full electronics will be produced in March 2021

PSI| accelerator beam time in 2021 is decided, and we will concentrate on
each sub-detector preparation for full electronics, and performing

engineering run followed by physics run.

+ There are several issues from each sub-detector for the physics run, but
we will try to solve these problems to start the MEG |l experiment this year

16



L2 CURRENT

High current at CDCH

vvvvvvv

- large currents up to
300pA

Carbon fiber support
replaced with plexiglass
to see discharge by eye

Succeeded in observing
the corona discharge

17

Discharges are always correlated with
whitish regions on wires

Literature studies suggest

Corona discharges and Malte effect
can be mitigated with addition of CO2,
oxygen, water, alcohols and methylal



Malter effect and free radical formation

insulating layer CATHODE SURFACE

|
Whisker 4 ¥
on cathode %lom A radical ready
to polymerize
) Neutral GAS FLOW

= Charged polymer partially
@0 stuck to the

Avalanche —% 0 .. Polymer stuck surface
: m ) to the surface (a Whisker)
L l 4 S 2 |

;athode ANODE SURFACE

Malter effect Free radical formation

Polymerization

fragmentation of chamber gas molecules can form free radical which deposits on wire surfaces
Charged polymer can be stuck to the surface (like Malte effect) = induce current

Oxygen

can be radical in plasma under muon beam, and can attack the polymer (plasma cleaning)

Isopropanol (Water)
can mitigate the surface charge deposit, but can not remove the polymer

13



Humidity effect

" Test were performed in Lecce and in Pisa

Aluminium wires were immersed or sprayed with demineralized
water and with 3% water solution of NaCl

In all cases induced wire breaking were identical to the ones
observed on the chamber

The salt near the wire edge contains Al and O: it could be ¢

aluminium oxide or aluminium hydroxide

Al 4 3C1™ «— AICl3 + 3¢~
AICl3 + 3Ho0 «— Al(OH)3 + 3HT + 3C1~



PSI accelerator

Injector cyclotron . ! s | .!
" 590 MeV cyclotron 'y Proton therapy \
— + Aar|W X
Lye:2.4mA, 1.4 MW I - 3 &
50 MHz ’ ' 3 AN -
é(
. o
TATTOOS | . L —
. 100 pA for Spallation source for ~ &=
: ,.‘ ¢ A Isotope. - ultracold neutrons
s '8 production nEDM experiment

CHRISP - Swiss Research InfraStructure for Particle physics at Paul Scherrer Institute in Switzerland
World most intense DC muon beam available : > 108u+/s
High precision particle physics experiments complementary to the experiments at the highest energies at CERN’s LHC

There is an upgrade project, HIMB (High Intensity Muon Beam) project, 1010 p/s

Science case workshop 6-9 April 2021
Conceptual Design Report by end 2021
Implementation during 2027/2028 during 16-months HIPA shutdown
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Waveforms w/o signal (peak noise)
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erformance [ TTTES
P . - . . . Mean -0.01219

............................................................

10*

ch|2 comparlson

- Gas gain is obtained from total 0| in'this range |-
gain (from data) divided by FE b D‘?*TA: “
gain measured by prototype EI N

Total gain = 8.6+0.7 [mV/€]
FE gain = 0.12 [mV/{C]

10;' E
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0" 00501 0.15 oz 025 03 035 0.4
Amplitude [V]

- Limited number of readout Waveforms wi signal
channels prevent a robust L,
estimated of the reconstruction
performances
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CDCH high current issue

LS CURRENT - Stable operation was not possible due to
Corona discharge in 2019
o5} [6135 - 52 = 0] - Adding small amount of CO2, 02, H20, Alcohol etc. is

1 CH23 - S3 =0
{ |CH18 - S4 = 0|

suggested by the previous studies

]
gs-].. CH36 - S5 = 0

| o~ = - Different gas mixtures were tested in 2020

=== under muon beam
10 - Gas mixture: pure He/lsoButane 90:10
e {ohizs - 511 = o ‘ - Additives tested: CO2, Water, O2, Isopropanol

8 R
66
]

It seems adequate gas mixture for stable operation was
| finally found

He/iB 88.2%:9.8%+H20 3500ppm-+pure 02 2%
0.5% = 0.1% - Nominal HV at MEG Il intensity (7x107p/s) successfully.

ss ]

50 —

45

2% =2 1% : :
- One broken wire is suspected

Due to corrosion by water?
Water must be changed with something else
Isopropyl alcohol at 1% added, and it worked!

O2 concentration reduced down to 0.5%
Attachment of electrons loses electron in the drift
Impact on the gas gain
Better to reduce the O2 concentration

| | Im” l i ;1-.'; ’ 1 \ i!

1
] { |
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PDE

Annealing effect measured by VUV light

PDE_ /PDE__

Ratio

0-25 ] | | | | ] 1 ]
~ | 455 After Anncali . . . : .
= | s Before Ancealic - —— 4 - PDEis measured by a sources after the detector is
. e ore Annealing . A - . _ _ _ _
A e T i3 PDE recovery after annealing is confirmed
[ S — j S PDE value up to ~20% for several MPPCs
N —— ; — —r j j (full recovery by annealing)
o.n; -_——r-_—v._,__,_ QR e ———t— Consistent with PDE measured in lab.
008 U N N = PDEvuv (a) vs PDEvis (LED)
- - - Clear correlation is observed
N i ] i i 1 % i 1 { — PDEvis ~ 0.1xPDEvuv
24 E“ P U S S R —“; We can monitor PDE recovery by blue LED during annealing
== UURR SURRRN: SRR . 4':_:‘ Repe VS Rigp
18 I S 2 24 ] :
' sE- | | P 3 % 22 ]
T - LED charge recovery % [
08— | j 14b ]
05~ N
- 121 - -
’Vw ,5,710728062762280527131’674271627192675?8042807 1 -
4 i L1 A
lea MPPC 53 1 1.05 1.1

RLED




Possible Cause

- Surface damage by VUV-light

Electron-hole pair generated in SiO2 by VUV light
—Holes are trapped at interface SiOz - Si

—Accumulated positive charge will reduce electric field near Si surface, reducing
collection efficiency of charge carrier

e N.B. charge carrier generated within 5nm at Si surface for VUV

- Similar phenomena are known for UV photo diode
e Degradation happens only with much larger amount of light at room temp.
e Degradation seems accelerated at low temp.

from T.P. Ma and Paul V. Dressendorfer, , lonizing Radiation
Effects in MOS Devices and Circuits”,Wiley 1989

N;;: interface trap

e-h pairs
VUV created (@ SiO, formation (Pp)

by ionizing + £

Si

+

radiation

+

N,y deep hole
trapping (E)

near interface

+ o+,

+
—————— ¥

hopping transport of
hole through localized
states in bulk SiO,
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Sensitivity (a.u.)

1.05

0.95

0.9

0.85——

L Xe time resolution

Expected Relative Sensitivity

- ¢

— ¢

- current result

- MEG | MC MEG MEG Il design
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55 60 65 70 75 80 85 90

timing resolution (ps)
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The current absolute time
resolution would deteriorate
the sensitivity by 7%



Towards annealing for all MPPCs

Two methods are currently considered

Hot water circulation in LNz pipe

Heater(+pump) used for the hot water circulation

to heat the detector to 40°C, 4 hours at minimum
All channels can be annealed at once
No need for cabling : easy

Temperature can be measured at PMT holders
Remaining issues

How fast can we warm the detector?
Annealing is successful at 40°C?
Can we drain water from LNz pipe completely?

Joule heat with HV module

The basic principle for annealing is confirmed
Cabling work is required

Temperature increase must be carefully checked to anneal
more channels at the same time

Hot water method is better, but basic tests for
both will be done this year, and annealing for
all MPPCs will be done in 2022.

27
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Test HV module
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3cm

US RDC (RPC)

3cm

US RDC

High intensity muon beam will pass through S

High detection efficiency (90% for 1-5 MeV e+) Z A —#— (200-500 2 m) m

Ultra low material budget ( <0.1% Xo ) | ——————

DLC (100nm) | | | | | |
High rate tolerant (108 pu/s) HT by (50umyc
Diameter 20cm ‘ m

. _ _ Al ZE&H L (100 nm)
Ultra thin gaseous detector (RPC) with E

diamond-Like-Carbon (DLC) resistive electrode
. R134a (Freon) based gas efficiency vs electric field

S

Gap thickness : 200um - 2mm g w?gﬁ;

DLC: high resistive material w/ mixed structure of sp2 bond s J 3—33;55 . .

and sp3 bond o2 meron_| . Rp——
DLC sputtering on 50 um Kapton “r . .

Resistivity adjustable 3 . 3

High efficiency can be achieved by multilayer design 20 . g

29 68 7 7.2 7.4 7.6 78 B 82 8.4 86
electric field [kV/mm)



Future u—ey

- Positron spectrometer

i a—
HV-MAPS + scintillator or mRPC e
Resolutions

energy 0.3%(150keV) - time 30ps * angle 6mrad -
detection efficiency 70%

Gamma converter + pair spectrometer

Resolutions
energy 0.4% (200keV) - time 30ps - position

0.2mm - angle 50mrad - detection eff. 60%
AV I\N—5 —
NP AR MOX—4 —

(Ll

GEF~TY—

measurement

\___1____/

Timing’
measurement

Momentum

measuremen

', 30°

63 ¢cm




